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Abstract Canine parvovirus (CPV) and canine corona- 
virus (CCoV) are considered the main pathogens respon- 
sible for acute gastroenteritis in dogs. From a collection of 
250 samples, seven CPV strains and three CCoV strains 
were identified in symptomatic Irish dogs. Samples were 
screened for the viruses using polymerase chain reaction 
(PCR) and typed via DNA sequence analysis. Three CPV 
strains were characterized as CPV-2a, while four others 
were characterized as CPV-2b. To date, CPV-2c remains 
unreported in Ireland. Two CCoV strains were character- 
ized as CCoV-II and one as CCoV-I. In the case of one 
sample, PH4/09/Ire, a mixed infection with CPV and 
CCoV was detected. 


Canine parvovirus type 2 (CPV) and canine coronavirus 
(CCoV) are considered the main pathogens responsible for 
acute gastroenteritis in dogs [1]. CPV was first identified in 
the late 1970s as a major cause of haemorrhagic gastro- 
enteritis and myocarditis in puppies [2]. CPV has a small 
single-stranded DNA genome of 5.2 kilobases (kb). 
Symptoms of CPV infection vary from mild to haemor- 
rhagic enteritis , fever, vomiting and death in severe cases. 
Coronaviruses are single-stranded, positive-sense RNA 
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viruses with a large genome of 27-31 kb in length. Enteric 
canine coronavirus typically causes mild enteritis in dogs, 
with more severe clinical signs observed in young animals 
[3I. 

The single-stranded genome of CPV makes the virus 
more susceptible to modifications, and error-prone repli- 
cation can lead to significant DNA sequence variation and 
greater potential for evolution of these viruses, when 
measured over defined periods, or during growth of CPV 
through serial passage in cell culture [4]. It is presumed 
that CPV originated from feline panleukopenia virus via 
genetic mutations and evolution [2]. Shortly after its 
emergence, CPV-2 was entirely replaced by a new type, 
designated CPV-2a, which possessed the ability to infect 
both cats and dogs [5]. In the mid-eighties, another type, 
designated as CPV-2b, began to emerge. CPV-2b is dis- 
tinguished from CPV-2a by a single amino acid (aa) sub- 
stitution, asparagine (Asn) to aspartic acid (Asp), at 
position 426 of the major antigenic site of the VP2 capsid 
protein [6]. 

In 2000, a novel CPV type, called CPV-2c, was detected 
in Italy, and this is now progressively replacing other CPV 
types [7]. CPV-2c has since been detected throughout parts 
of Europe, including Spain [8], Germany [9], Portugal [10], 
the United Kingdom [11], as well as Korea [12], the United 
States [13], South America [14] and Vietnam [15]. CPV-2c 
is distinguishable from CPV-2a or 2b by substitution of 
glutamic acid (Glu) in place of Asn or Asp, respectively, at 
the 426" aa residue of the VP2 protein. Therefore, due to 
the positioning of these aa substitutions in an antigenic site, 
it is possible to differentiate between types by employing 
monoclonal antibodies [15]. Alternatively, the nucleotide 
sequence required to substitute Glu at aa_ position 
426 created a novel Mboll restriction site (GAAGA), 
which is unique to CPV-2c, and therefore, CPV-2c can be 
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distinguished from CPV-2a/2b by restriction enzyme 
analysis [7]. Infection with CPV-2c has been reported to 
result in clinical symptoms similar to those exhibited by 
dogs infected with CPV-2a and 2b [13]. Some studies 
reported milder symptoms in infected animals [16], while 
other reports found evidence of more severe clinical 
symptoms and higher rates of mortality, even in vaccinated 
dogs [7, 8, 17]. 

CCoV was first discovered as an enteropathogen in 1971 
[18]. Enteric CCoV exists in two closely related forms, the 
original form, which was isolated in the 1970s, is named 
CCoV-II. A new CCoV strain, which was identified in Italy 
in 2003, is designated as CCoV-I. CCoV-I and II share a 
high nucleotide homology in the viral genome but are 
highly divergent in the spike protein gene [19]. The strains 
are so named according to genetic similarities observed 
between CCoV-I and II, and feline coronavirus (FCoV)-I 
and II, respectively [20]. As coronaviruses contain large 
RNA genomes, they are highly susceptible to frequent 
mutation as a result of the high error rate of RNA poly- 
merase, which results in the accumulation of several base 
substitutions per round of replication [21]. Coronaviruses 
can accumulate small insertions and deletions in their 
genomes, which promotes their evolution [22]. They also 
undergo a high rate of homologous RNA recombination, 
mediated by a “copy-choice” mechanism based on 
sequence homology surrounding the recombination sites 
[23]. As a result of all of these mechanisms, coronaviruses 
can mutate rapidly, leading to new genotypes (CCoV-D), 
biotypes (pantropic CCoV) and host variants (canine 
respiratory coronavirus). Following the emergence of 
severe acute respiratory syndrome (SARS) in humans, the 
continual epidemiological surveillance on CoVs has been 
reinforced, as they are considered to be potential agents of 
direct and indirect zoonoses [24]. 

Infection can occur with a single CCoV strain, or both 
strains may be present simultaneously [25]. CCoV infec- 
tion generally has a low mortality; however, a recently 
characterized strain detected in Italy (CB/05) resulted in a 
fatal disease as a consequence of systemic spread of the 
virus [24]. Deaths have also been caused by the synergistic 
effect produced when a mixed infection occurs with other 
canine enteric viruses. Mixed infections have been reported 
between CCoV and CPV-2, canine distemper virus and 
canine adenovirus type I [8, 26, 27]. Mixed infections have 
also been reported between CPV-2 and calicivirus [28, 29]. 
Dual infection results in illnesses that are usually more 
severe than either virus can produce alone [28]. Synergistic 
mechanisms are common with other gastroenteritis viruses 
such as rotavirus. Studies have demonstrated this effect 
with calves co-infected with group A rotavirus and group C 
rotavirus, or with group A rotavirus and Escherichia coli 
[30, 31]. 
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The original CPV-2 strain is still employed in many 
commercial vaccines. However, this strain was entirely 
replaced by its variant types (CCoV-I and ID) shortly after 
its emergence. There is concern that these current vaccines 
may fail to protect pups against the CPV-2 variants 
(32, 33]. A plan to use current strains in vaccine formu- 
lations has led to a CPV-2b-based vaccine being licensed in 
Europe [34]. Currently, all canine vaccines used to protect 
against CCoVs are based on CCoV-II. However, it has 
been shown that the level of cross-reactivity between 
CCoV-I and II is limited [35]. Recombinant CCoVs have 
been reported that were derived from CCoV-II and trans- 
missible gastroenteritis virus of swine (TGEV), related in 
the N terminal domain of the S protein. Antigenic differ- 
ences have also been found between TGEV-like CCoVs 
and reference CCoV strains [17]. As a result of this viral 
evolution, the efficacy of prophylaxis programs in place to 
protect dogs against CCoV challenges may need to be 
assessed. 

To date, there is no epidemiological information on the 
circulation of coronaviruses and parvoviruses in Ireland. 
This study was undertaken to investigate the prevalence of 
these viruses in a wide spectrum of Irish dogs, both with 
and without clinical symptoms, and to assess the efficacy of 
vaccination programs currently in place to protect against 
these viruses. 

A total of 250 faecal samples were collected from both 
symptomatic and asymptomatic dogs in 2008 and 2009 
(Table la). The samples were collected from dogs of all 
ages (2 months to 15 years) from a wide spectrum of 
groups, including the Irish Society for Prevention of Cru- 
elty to Animals (ISPCA), the Guide Dogs Association, 
racing greyhounds, hunting hounds and domestic dogs 
presenting in veterinary practices, which represent the 
major groups of canines in Ireland. 

Total nucleic acids were extracted from the samples by a 
standard phenol-chloroform method with ethanol precipi- 
tation. The extracted nucleic acids were resuspended in 100 
ul of sterile DEPC-H,O and stored at -80°C prior to use. 

Samples were screened for parvovirus by PCR amplifi- 
cation of a 583-bp segment at the carboxy terminus of CPV 
open reading frame 2, using primers and reaction condi- 
tions described by Buonavoglia et al. [7]. The reaction was 
carried out on an MJ Researcher PTC-200 Thermocycler 
(GMI Inc, Minnesota, USA). Reaction conditions were as 
follows: 94°C for 10 min, followed by 35 cycles of 94°C 
for 30s, 50°C for 1 min and 72°C for 1 min, with a final 
extension at 72°C for 10 min. Positive and negative con- 
trols were included in the reaction. 

Samples were subjected to screening for the presence 
of canine coronavirus (CCoV) by RT-PCR amplification 
of the polymerase gene, using primers described by 
Stephenson et al. [36] and an Enhanced Avian Reverse 
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Table la Samples analysed in 2008 and 2009 


Sample source Number Number Number 
of samples of CCoV of CPV 

positives positives 

Veterinary Clinics 131 3 6 

Guide Dogs Association 89 - - 

Hunting Hounds 13 - - 

ISPCA 11 - 1 

Racing Greyhounds 6 - - 

Total 250 3 7 

Table 1b CPV strain information 

Isolate Accession Type Age Symptoms Breed Vaccinated 


no. 


CG4/09/Ire GQ387486 2b 13m _ HD, V, D 
PH4/09/Ire GQ387487 2b 3m HD 
PH1/09/Ire GQ387488 2b 3m __—-HD, V, P 


Sheepdog Yes 
Jack Russell No 
Collie Cross No 


PH2/09/Ire GQ387489 2a 15m HD, V Spaniel Yes 
BC2/09/Ire GQ414751 2a 3m HD Mixed Yes 
BC4/09/Ire GUO014701 2a 2m HD Collie Cross No 
BC5/09/Ire GU475122 2b 3m HD Mixed Yes 

Table 1c CCoV strain information 

Isolate Type Age Symptoms Breed Vaccinated 
PH4/09/Ire 1 3m HD Jack Russell No 
AVC2/09/Ire 2 8y d Collie Unknown 
AVC3/09/Ire 2 4m d Mixed Unknown 


HD: haemorrhagic diarrhoea 
d: diarrhoea 

V: vomiting 

P: pyrexia 

D: death 


Transcriptase Kit (Sigma-Aldrich). Reaction conditions 
were as follows: 45°C for 50 min, and 94°C for 2 min, 
followed by 35 cycles of 94°C for 1 min, 48°C for 1 min 
and 68°C for 1 min, with a final extension at 68°C for 
10 min. All samples that tested positive for the presence of 
the CoV conserved polymerase gene were subjected to 
RT-PCR amplification of an N gene segment in order to 
specifically detect canine coronavirus. A segment of the S 
gene was amplified for application in sequence and phy- 
logenetic analysis, using primers and reaction conditions as 
described by Erles and Brownlie [37]. 

PCR products were run on a 1.5% agarose gel following 
ethidium bromide staining and visualized using UV light 
transillumination. 
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All samples that tested positive for the VP2 gene seg- 
ment of CPV-2 via PCR amplification were subjected to 
RFLP analysis of this PCR product. For restriction enzyme 
digests, 10 ul of each PCR amplicon was digested with 
five units of the restriction enzyme Mboll (Fermentas, 
Germany) and visualized on a 1.5% agarose gel to deter- 
mine the cleavage pattern of the nucleic acid. 

PCR amplicons were purified using a QIAquick PCR 
purification kit (Qiagen Ltd, West Sussex, England) and 
sequenced using a commercial service (MWG-biotech, 
Ebersberg, Germany). Nucleotide sequences were submit- 
ted to the GenBank database, and their accession numbers 
are displayed in Tables 1b and Ic. Nucleotide and amino 
acid sequence alignment was performed using the 
ClustalW application with Bioedit Sequence Alignment 
Editor [38]. 

Preliminary analysis was accomplished by comparison 
with sequences available in the database using the web- 
based program BLAST  (http://www.ncbi.nlm.nih.gov/ 
BLAST). Phylogenetic analysis was conducted using the 
MEGA 4 program [39]. Two phylogenetic trees, based on 
the partial CPV VP2 (Figure 1) and CCoV S (Figure 2) 
gene segments, were constructed by the maximum-parsi- 
mony (100 replicates) and maximum -ikelihood (1000 
replicates) method, respectively, supplying a statistical 
support with bootstrapping, using CPV-2 and CCoV ref- 
erence strains obtained from the GenBank database, as 
displayed in Tables 2 and 3, respectively. 

The sequences of the VP2 gene segments analysed, in 
the CPV-2 viruses under study, were deposited in GenBank 
under the following accession numbers: CG4/09/Ire, 
GQ387486; PH4/09/Ire, GQ387487; PH1/09/Ire, GQ387 
488; PH2/09/Ire, GQ387489; BC2/09/Ire, GQ414751; 
BC4/09/Ire, GU014701. The sequences of the S gene 
segments analysed, in the CCoV viruses under study, were 
deposited in GenBank under the following accession 
numbers: PH4/09/Ire, GU324419; AVC3/09/Ire, GU32 
4418. 

Following PCR amplification of a segment of the VP2 
gene, a single band of 583-bp was observed in seven 
samples (Table 1b) as well as the positive control when 
visualized on a 1.5% agarose gel. Samples from clinically 
healthy dogs were used as negative controls, and none of 
these produced an amplified product. Out of the seven 
positive parvovirus samples, one sample (PH4/09/Ire) also 
tested positive for the presence of CCoV. 

A total of three out of 250 samples (Table Ic) tested 
positive for the presence of the CoV polymerase gene. 
Subsequently, the presence of canine-specific CoV in these 
three samples was confirmed by the successful amplifica- 
tion of a 280-bp segment of the N gene. 

RFLP analysis indicated that none of the CPV strains 
were variant type 2c, as the PCR amplicon was not 
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Fig. 1 Maximum-parsimony 
tree based on partial VP2 gene 
nucleotide sequences of CPVs 
described in this study and 
reference strains 
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FJ005214/67/06/Sp/2c 
FJ005237/159/07/It/2c 
FJ005213/9/05/It/2c 
FJ005236/1 10/07-27/USA/2c 
FJ005197/G51/97/Ger/2c 
FJ005246/128/08/Sp/2c 
FJ005203/G52-9/2-98/Ger/2c 
FJ005207/290/04/It/2c 
FJ005215/252/06/It/2c 
FJ005208/291/04/It/2c 
FJ005220/337/06/It/2c 
AB120727/HNI-4-1/Vietnam/2c 
FJ005216/284/06/It/2c 
FJ005222/359/06/It/2c 
EU273771/PTUP07/06/Port/2c 
FJ005248/219/08-2/It/2c 
FJ005206/287/04/It/2c 
FJ005233/40/07/It/2c 
FJ005196/G7/97/Ger/2c 
FJ005198/G133/97/Ger/2c 
FJ222821/56/00/It/2c 
FJ005247/195/08/Bel/2c 
FJ005218/330/06/It/2c 
FJ005221/340/06/It/2c 
FJ005240/208/07/It/2c 
FJ005204/G333/99/Ger/2c 
FJ005245/127/08-B/It/2c 
FJ005205/279/04/It/2c 
FJ005195/136/00/It/2c 
FJ005224/367/06/It/2c 
FJ005219/336/06/It/2c 
FJ005223/365/06/It/2c 
FJ005238/158/07/It/2c 
FJ222822/SAH/Ft Dodge/2b 
FJ005261/G162/97/Ger/2b 
GQ387487/PH4/09/Ire/2b 
GQ387486/CG4/09/Ire/2b 
GQ387488/PH1/09/Ire/2b 
FJ005260/G82/97/It/2b 
FJ005265/140/05/It/2b 
EF599097DH326/Korea/2b 
FJ005264/134/05/It/2b 
FJ005263/42/05-49/lIt/2b 
EU273770/PTUP06/06/Port/2b 
FJ222824/388/05-3/It/2 
FJ197823/CPVK1/Korea 2007/2a 
GU014701/BC4/09/Ire/2a 
EF599096/DH426/Korea/2a 
GQ414751/BC2/09/Ire/2a 
GQ387489/PH2/09/Ire/2a 
EF375482/Uy-6/06/Uraguay/2a 
FJ005255/333/05/It/2a 
FJ005262/31 1/04/It/2b 
FJ005253/67/05/It/2a 
FJ005256/17/08/It/2b 
FJ005252/96/02/It/2a 
FJ005257/54/08/It/2a 
FJ005258/80/08/It/2a 
FJ005254/331/05/It/2a 
FJ197831/CPVK9/Korea 2007/2a 
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digested and remained as a single band when run on an 
agarose gel. Sequence analysis confirmed these findings. 

The N terminus of the S gene was amplified in all iso- 
lates using a set of three primers that were designed to 
differentiate between CCoV-I and CCoV-II [37]. Amplifi- 
cation of the S gene of CCoV-I produced a band of 1108 
bp, whereas amplification of the S gene of CCoV-II pro- 
duced a band of 578 bp. Strain PH4/09/Ire was character- 
ized as CCoV-I, whereas strains AVC2/09/Ire and AVC3/ 
09/Ire were characterized as CCoV-II. 

Sequencing of the seven CPV strains revealed that three 
strains, PH2/09/Ire, BC2/09/Ire and BC4/09/Ire, possessed 
the aa Asn at position 426 of the VP2 protein. Therefore, 
these strains were characterized as CPV-2a. Strains CG4/ 
09/Ire, PH4/09/Ire, PH1/09/Ire and BC5/09/Ire possessed 
the aa Asp at position 426 and were therefore characterized 
as CPV-2b. In addition, the sequence of the S gene of the 
three CCoV strains, PH4/09/Ire, AVC2/09/Ire and AVC3/ 
09/Ire, was obtained. However, the sequence of strain 
AVC2/09/Ire was not exploitable for further analysis. 
Following alignment of PH4/09/Ire and AVC3/09/Ire with 
other CCoV-I and II reference strains, the PCR typing 
results were confirmed. 

This twelve-month epidemiological study was con- 
ducted in southern Ireland from October 2008 to October 
2009. Two hundred fifty samples were collected in total, 
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Fig. 2 Phylogenetic tree based on partial S gene nucleotide 
sequences of CCoVs described in this study and reference strains. 
Evolutionary history was assessed using the maximum-likelihood 
method based on the Tamura-Nei model [48]. Sequence alignments 
were performed using MUSCLE [49]. The tree with the highest log 
likelihood (-3027.2510) is shown. The percentage of replicate trees in 
which the associated taxa clustered together in the bootstrap test 
(1,000 replicates) is shown next to the branches. The tree is drawn to 
scale, with branch lengths measured in the number of substitutions per 
site. The analysis involved 13 nucleotide sequences. All ambiguous 
positions were removed for each sequence pair 
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Table 2 VP2 reference strains 

CPV type Name Origin Year GenBank 

accession no. 

2 338/05-3 Italy 2005 FJ222824 
2a 96/02 Italy 2002 FJ005252 
2a 67/05 Italy 2005 FJ005253 
2a 331/05 Italy 2005 FJ005254 
2a 333/05 Italy 2005 FJ005255 
2a 17/08 Italy 2008 FJ005256 
2a 54/08-3 Italy 2008 FJ005257 
2a 80/08 Italy 2008 FJ005258 
2a DH426 Korea 2007 EF599096 
2b DH326 Korea 2007 EF599097 
2a CPVK1 Korea 2007 FJ197823 
2a CPVK9 Korea 2007 FJ197831 
2b G82/97 Germany 1997 FJ005260 
2b G162/97 Germany 1997 FJ005261 
2b 311/04 Italy 2004 FJ005262 
2b 42/05-49 Italy 2005 FJ005263 
2b 134/05 Italy 2005 FJ005264 
2b 140/05 Italy 2005 FJ005265 
2b SAH Fort Dodge NA FJ222822 
2c 56/00 Italy 2000 FJ222821 
2c 136/00 Italy 2000 FJ005195 
2c G7/97 Germany 1997 FJ005196 
2c GS51/97 Germany 1997 FJ005197 
2c G133/97 Germany 1997 FJ005198 
2c G52-9/2-98 Germany 1998 FJ005203 
2c G333/99 Germany 1999 FJ005204 
2c 279/04 Italy 2004 FJ005205 
2c 287/04 Italy 2004 FJ005206 
2c 290/04 Italy 2004 FJ005207 
2c 291/04 Italy 2004 FJ005208 
2c 9/05 Italy 2005 FJ005213 
2c 67/06 Spain 2006 FJ005214 
2c 252/06 Italy 2006 FJ005215 
2c 284/06 Italy 2006 FJ005216 
2c 330/06 Italy 2006 FJ005218 
2c 336/06 Italy 2006 FJ005219 
2c 337/06 Italy 2006 FJ005220 
2c 340/06-A Italy 2006 FJ005221 
2c 365/06 Italy 2007 FJ005223 
2c 40/07 Italy 2007 FJ005233 
2c 110/07-27 USA 2007 FJ005236 
2c 158/07 Italy 2007 FJ005237 
2c 159/07 Italy 2007 FJ005238 
2c 208/07 Italy 2007 FJ005240 
2c 127/08-B Italy 2008 FJ005245 
2c 128/08 Spain 2008 FJ005246 
2c 195/08-81 Belgium 2008 FJ005247 
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Table 2 continued 


CPV type Name Origin Year GenBank 
accession no. 
2c 219/08-2 Italy 2008 FJ005248 
2c HNI-4-1 Vietnam 2004 AB120727 
Table 3 CoV reference strains 
Strain Name Origin GenBank 
accession no. 
CCoV-IL UCD-1 USA AF116248 
CCoV-II CB/05 Italy DQ112226 
CCoV-II K378 Holland X77047 
CCoV-II BGF10 United Kingdom AY342160 
CCoV-II INSAVC United Kingdom D13096 
FCoV-II 79-1683 United Kingdom X80799 
FCoV-II 79-1146 Holland X06170 
CCoV-I Elmo/02 Italy AY170345 
FCoV-I UCDI1 Japan AB088222 
FCoV-I Black Japan AB088223 


from both symptomatic and asymptomatic dogs in counties 
Cork and Kerry. Samples were sourced from several vet- 
erinary clinics, the Irish Guide Dogs Association, hunting 
hounds, racing greyhounds and the Irish Society for Pre- 
vention of Cruelty to Animals (ISPCA) (Table la). The 
primers 555f and 555r were used to target a VP2 gene 
segment of CPV. CoV detection was performed by PCR 
amplification of the conserved region of the polymerase 
gene, which allows the detection of all three groups of 
coronavirus, and subsequently, canine-specific CoV pres- 
ence was confirmed via PCR amplification of the N gene. 
In total, out of 250 samples, seven samples tested positive 
for the presence of CPV, three samples tested positive for 
the presence of CCoV, and a dual infection was detected in 
one sample. 

Dogs infected with CPV and CCoV may shed the virus 
once clinical symptoms have ceased. In addition, recovered 
dogs may serve as asymptomatic carriers and shed the virus 
periodically [1, 40]. This is an important mechanism for the 
continued circulation and persistence of CPV and CCoV in 
the environment. However, in this study, both viruses were 
isolated exclusively from dogs that presented with clinical 
symptoms. The viruses were isolated from samples sourced 
in veterinary clinics (n=8) and the ISPCA (n=1), from dogs 
aged two months to 15 years, several of which had been 
vaccinated previously. Out of 40 samples sourced from 
symptomatic dogs, seven were positive for the presence of 
CPV (17.5%). All dogs presented with haemorrhagic enter- 
itis, while three also presented with vomiting. Additionally, 
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one dog presented with pyrexia, and another case resulted in 
death (Table 1b). Three CCoV were detected in 40 samples 
from symptomatic dogs (7.5%), one of which was present in 
combination with CPV, and this mixed infection produced 
severe haemorrhagic gastroenteritis (Table Ic). 

RFLP analysis was initially used to diagnose CPV-2c 
infection in vitro, as the nucleotide sequence required to 
substitute Glu at aa position 426 created a new Mboll 
restriction site (GAAGA), which is unique to this strain [7]. 
This restriction site was not detected in any of the current 
isolates. Subsequently, the VP2 gene segment was 
sequenced in order to confirm the RFLP results, to deter- 
mine which amino acid each isolate contained at position 
426 and thus reveal if isolates were CPV-2a or CPV-2b. 
Three isolates possessed the aa Asn at position 426 of the 
VP2 protein and were therefore characterised as CPV-2a. 
All other isolates possessed the aa Asp at position 426 and 
thus were characterised as CPV-2b. There does not appear 
to be any correlation between CPV type and symptom 
severity. A variety of phylogenetic trees were constructed 
from this information. However, it can be seen in Figure 1 
that the VP2 gene has a low variability, and thus is not 
particularly informative from a phylogenetic view. Typi- 
cally, a 99% maximum identity is displayed between the 
VP2 gene of CPV-2 strains. The phylogenetic tree prepared 
using the maximum-parsimony method proved to give the 
best possible resolution (Figure 1). CPV strains are sub- 
typed according to a single amino acid in a strategic 
location, which involves few changes in the nucleotide 
sequence. As a result, when comparing CPV nucleotide 
sequence data, the CPV subgroups 2a, b and c are not 
segregated into three distinct groups, as there are several 
other nucleotide differences at other less antigenically 
significant locations on the VP2 gene, which must also be 
taken into consideration. 

The CCoV strains identified were differentiated using a 
typing PCR, which was based on the variable nature of the 
S gene [37]. The spike protein is the major antigenic 
determinant of CoVs. CCoV-I and II share a high nucleo- 
tide homology in the viral genome but are highly divergent 
in the spike protein gene [19]. The strain PH4/09/Ire was 
characterized as CCoV-I, with strains AVC2/09/Ire and 
AVC3/09/Ire being characterized as CCoV-II. CCoV-I was 
first discovered in Italy in 2003 [19]. Since then, it has been 
reported in other countries, such as the United Kingdom, 
Greece, Portugal, Belgium, Romania, Sweden and Slovenia 
[41]. This is the first report of CCoV-I and II in Ireland. In 
order to confirm PCR typing results, the sequence of the S 
gene of the three CCoV samples was determined. Sub- 
sequent sequence analysis confirmed that CCoV-II was 
more prevalent than CCoV-I, which is in accordance with 
other published findings [42]. Although the low numbers of 
positive samples in this study lack statistical support, it 
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does provide a snapshot of the epidemiology of CCoV in 
Ireland. Using BLAST analysis, it was determined that the 
CCoV-I strain PH1/09/Ire displayed 96% nucleotide 
sequence homology with CCoV-I strain Elmo from Italy. 
The CCoV-II strain AVC3/09/Ire displayed 91% nucleo- 
tide homology with CCoV-II strain INSAVC and 88% 
nucleotide homology with CCoV-II strain BGF10, both of 
which were isolated in the United Kingdom. 

Considering that the single-stranded nature of CPV 
renders it more susceptible to mutation than a double- 
stranded virus, with a mutation rate similar to that observed 
in rapidly evolving RNA viruses [9], it is imperative to 
continuously monitor the genotypes of the virus present in 
the population to ensure any new types that have evolved 
are detected. The latest CPV variant type to emerge, CPV- 
2c, has been shown to produce a more pathogenic clinical 
outcome in some cases, whereas others have a lower 
severity and mortality rate [16]. As the aa that determines 
the type is located in a major antigenic site, a mutation that 
affects the type may have serious implications for vaccine 
efficacy and the antibody response generated in pups. A 
number of commercially licensed vaccines are available in 
Ireland and are given to pups at six weeks and again four 
weeks later, followed by an annual vaccination booster. It 
has been shown that the vaccines based on the original 
CPV-2 isolate protect against CPV-2 variant type chal- 
lenges; however, a plan to use current strains in vaccine 
formulations has led to a CPV-2b- based vaccine being 
licensed in Europe [34]. 

A number of commercially licensed vaccines are 
available in Ireland and are given to pups at a young age to 
protect against CCoV-related enteritis. Currently, all vac- 
cines are based on CCoV-II. However, it has been shown 
that the level of cross-reactivity between CCoV-I and II is 
limited [35]. A lack of cross-reactivity has also been 
reported between the original CCoV-II strain, designated 
CCoV-IIa, and a more recently described CCoV-II strain 
that is closely related to TGEV in the 5’ end of the spike 
gene, designated CCoV-IIb [43]. As a result of RNA 
recombination, insertions, deletions and a high suscepti- 
bility to frequent mutation, coronaviruses can mutate rap- 
idly, leading to new genotypes (CCoV-I), biotypes 
(pantropic CCoV) and host variants (canine respiratory 
coronavirus), all of which may present possible difficulties 
regarding successful vaccination of dogs. Such dilemmas 
have been encountered with vaccination against other RNA 
viruses, such as influenza virus and rotaviruses. The evo- 
lution of these viruses is well documented to play an 
important role in the continuous requirement to assess the 
efficiency of the vaccines and vaccinal updates. For 
example, the H3 haemagluttinin protein (the major anti- 
genic determinant) exhibits a rate of accumulation of 
amino acid substitutions of approximately 5 x 10% per 
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year [44]. Similarly, human rotavirus strains, detected over 
an 18-year period from 1986 to 2004 in Palermo, Italy, 
displayed a rate of accumulation of amino acid substitu- 
tions of approximately 2 x 10° per year [45]. 

In this study, viruses were isolated from vaccinated and 
unvaccinated pups. It is possible, in the cases where 
vaccination had been carried out, that maternal antibody 
had interfered with the immune response of the pup at 
time of vaccination. A suspected lack of efficacy of vac- 
cines based on the original CPV-2 strain against the new 
CPV variants in circulation has been suggested previously 
after worldwide CPV outbreaks were observed in regularly 
vaccinated dogs [46, 47]. As a result of this study, it can 
be concluded that although it appears that the viral evo- 
lution of CPV type 2 is not yet a significant problem for 
the canine population in Ireland, vaccine efficacy may 
need to be re-evaluated by the animal healthcare industry, 
as it is a possibility that the new CPV-2c strain will 
eventually emerge into the population as a result of 
importing dogs from other parts of the world. This study 
provides evidence that both CPV and CCoV are causative 
agents of gastroenteritis in southern Ireland in symptom- 
atic dogs, with no evidence of viral shedding in asymp- 
tomatic dogs. It has also been demonstrated that dual 
infection of CCoV along with CPV is of significant con- 
cern regarding animal health and well-being. Continued 
surveillance would be beneficial to evaluate better vaccine 
efficacy, to understand the underlying mechanisms of 
vaccine breakthroughs and to implement successful pro- 
phylactic measures. 
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